To offer precise data for a more quantitative analysis of the data obtained by the dual Doppler radar system, a specially designed raindrop size distribution meter was utilized at Manus Island, Papua New Guinea, in the TOGA/COARE project. The measuring device consists of an optical system with a light source and two video cameras. The raindrops that fall through a slit are illuminated against a uniform surface light source by means of a frosted glass plate immediately next to them and their shadow images are photographed by two video cameras with different shutter speeds for simultaneously measuring size and velocity of fall of the same raindrop. Fall velocity is used to examine the size measured and provides a highly reliable measurement of size for even the smaller raindrops.
Introduction
In the tropical region of the TOGA-COARE-IOP network in the west Pacific Ocean, a dual Doppler radar observation was carried out to clarify the real features of convective cloud systems over the warmpool area of the southern oscillation phenomenon on Manus Island, Papua New Guinea, from November 1992 to January 1993, as described in more detail by Uyeda et al. (1995) . To perform the radar analyses with quantitative precision and to evaluate accurately the amount of precipitation from radar echo intensity, it is necessary for the size distributions of raindrops to be measured simultaneously at the ground.
In that region, from the sounding data at Momote airport on Manus Island (203'S, 14726'E, 2m asl) during the observational period (Nov. 1992 -Jan.1993 , the heights of the cloud base were around 1000m. However, some bases were occasionally observed up to 3000m or more . In addition, since the air temperature or saturation vapor pressure is higher than that in middlelatitude regions, raindrop evaporation is expected to take place actively below the cloud base down to the earth's surface and to deform the original size distribution of raindrops to that observed at the ground.
To date, many kinds of raindrop size distribution meter have been developed. However, their sensitivity for small size, (diameter<0.7mm)
is not satisfactory for measuring the size distribution of raindrops. Originally, dyed filter paper was used by many researchers, such as Marshall and Palmer (1948) and Mason and Andrew (1960) . Filter paper (c) 1995, Meteorological Society of Japan was exposed to rainfall and the number of stains was counted and measured to determine the size distribution. However, this method is too laborious and inefficient to determine features of a cloud system on the mesoscale. Bowen and Davidson (1951) used a horizontal wind tunnel to classify the sizes of falling raindrops. A different method, originally used by Schindelhauer (1925) and later improved by Maulard (1951) , counted and measured the number and size of falling raindrops by the electrical pulses and amplitudes which they generated upon striking a microphone diaphragm. Cooper (1951) presented a balloon-borne version of the microphone-type instrument to measure raindrop size and rain water content at different altitudes. These methods have been improved and used extensively and the commercial instrument is known as a "Disdrometer." However, the disdrometer's measuring capability is not satisfactory as it measures lower than reasonably expected frequencies for smaller ranges in the size distribution of raindrops, although the raindrops were at well developed stages. Some methods of optical path interception have been tried, developed by Mason and Ramanadham (1953) , and later improved by Dingle and Schulte (1962) to increase the sampling volume without interception of the raindrop images. Recently, an optical disdrometer had been developed by Stow and Jones (1981) and utilizing it the arrival rate of raindrops was measured by Hosking and Stow (1987) . Furthermore, ground-based, high-resolution measurements had been performed by Hosking and Stow (1987b) and they had deduced the spatial and temporal distribution of rainfall.
A tentative utilization of a specially designed raindrop size distribution meter was carried out at one of the radar sites in the dual Doppler radar observation system, at Momote airport, with the location as described by Uyeda et al. (1995) and shown as the origin (center) in the coordinate of radar PPI frame schematics in Figs. 6 and 7. Although the amount of data was only small, and the duration observed successfully was unfortunately only short, the observational methods developed in the present work and some remarkable size distributions of raindrops with analyses of radar data are reported in the following sections.
Methods
The measuring system and hardware diagram are shown in Fig. 1 . The apparatus consists of a halogen light source (IWASAKI, JAWO 500W) and two CCD-video cameras (SONY XC-77RR). Images of raindrops that have fallen through a slit are observed on a frosted glass plate as enlarged shadow figures. One of the cameras has a high shutter speed of 1/20000 (+1%) second for measuring the dimensions of the raindrop. The other has a 1/2000 (+1%) second shutter speed for measuring the fall velocity of the same raindrop for an occasional examination of the empirical relationship between terminal velocity and dropsize as reported by Gunn and Kinzer (1949) . The volumes of the spaces photographed inside the illuminated area depend on the frame ranges of the zooming lenses , and are limited practically by 32 mm (Width)x51.2mm (Height)x50mm (Depth), and 48mm (Width)x128mm (Height)x50mm (Depth) into the high-and low-speed cameras respectively, as shown in Fig. 2 . Two images of a raindrop and the vertical displacement of the same raindrop were taken by two different video cameras simultaneously every 1/30 second and combined again by a video mixer to form a single pair of images in order to synchronize the time taken. The width of the slit was empirically selected and limited to 5 cm in order to obtain the image of a raindrop at least every frame, to eliminate the interception of two or more raindrops taken in the same frame, and to minimize and ignore the differences of the falling positions of the raindrops against a long working distance of 120cm as shown in Fig. 1 .
The images of the raindrops were converted into digital form with an image analysis board installed on a personal computer. Digitized images consisted of a 512x512 pixel array, each pixel holding a designated gray value ranging from 0 to 255. The photographs taken were composed of two kinds of regions that occupy different gray-level ranges. All parts of the raindrop images were darker than the background image, and the pixels with gray levels darker than the background were considered as part of the raindrops. The pictures of the raindrops could thus be segmented. Each pair of binary images of the raindrops shows high and low speed projections consisting of pixels as in the example shown in Fig. 2 . The area of cross section A of a raindrop is obtained from the number of pixels inside the region of the high speed projection. The equivalent diameter D of the raindrop is calculated from the area of cross section A, i. e., D=2.(A/r)1/2. The smallest size detected is expected to be 0.2mm in diameter since the dimension of a pixel is 0.1mm. The greatest size able to be measured is that naturally occuring of 6mm in diameter. The principle of the measurement of this work may be applied to the spherical or vertical-axis symmetric solid precipitation particles, for example smaller round graupel, frozen raindrops, and hail pellets less than 1 cm in diameter, but should not be applied to asymmetric particles, e. g. snowflakes and conical graupel.
Since each falling raindrop produced a short streak during the 1/2000 second time interval, its velocity is calculated from the vertical length 1. Assuming that each raindrop is spherical or a rotating ellipse, the vertical dimension a is calculated by the image of high speed projection and composed of the vertical displacement during the projection. The example of the image of a raindrop shown in Fig. 2 is slightly deformed and flattened. Then, using the difference of these falling distances (1-a) for (1/2000) second, the fall velocity v is computed by v=(1-a)/(1/2000).
The lowest fall velocity detected is down to 56cm/sec due to a pixel length of 0.25mm. The greatest fall velocity detectable is almost 12m/sec. The principle of the measurement in this work may be applied to all kinds of solid precipitation particles whose fall velocities are lower than 12m/sec. The number concentration is also computed from the number of raindrops in the space photographed.
The reliable value of the minimum size of the raindrops detected was 0.3mm in diameter because of a greater deviation than 10% in the calibration when comparing the empirical curve of Gunn and Kinzer (1949) with the observed fall velocity, which was assumed to be easily affected by air motion due to wind in the apparatus. Two different types of the size distribution of raindrops are shown, as in the examples measured in Fig. 3 , where the size distributions of 3a and 3b are constructed by 4738 and 5931 raindrops with average sampling error of 3 and 7% over the diameter range of 0.3-1.0mm and 1.0-6.0mm, respectively. Cases 3a and 3b correspond to the radar echoes of a weak and uniformly stratified system and to a strong convective one, respectively. In the case of Fig. 3a , it is seen that the shape of distribution is in that of an exponential function, i. e. Gamma distribution and that the average diameter is smaller than 1 mm with the maximum diameter ranging up to 3 mm with extremely low frequency. Conversely, in Fig. 3b , it is noted that the shape of distribution is bimodal. The secondary mode diameter is approximately 1mm and the maximum diameter is up to 5 mm or greater, this being a common trait in tropical rainfalls. It should be noted that the total number of raindrops in the former case is much larger than that in the latter, and vice-versa in terms of the total mass of rain water. These differences are easily seen by comparing the different types of radar echoes described above.
In Fig. 4 , two temporal changes of the number concentration of raindrops are shown. A value of 0.5mm in diameter is used to distinguish between larger and smaller raindrops and the resulting comparison is as shown. Note that this value is around the value in the saddle point between the modes in Fig. 3b . The figure shows that the smaller raindrops were observed to fall over the duration. In the final stage, however, it is noted that larger ones also join with them. It may be expected that two different kinds of size distributions would make up a bimodal distribution of raindrops summarized over the whole duration. To verify this, a transitional time of drop size shifting from smaller to larger modes was found to be at 23:52, which clearly divided the duration into two characteristic rainfalls of earlier and later stages. These two different size distributions corresponding to the stages are shown in Figs. 5b and 5c, where size distributions of 5b and 5c are constructed by 2393 and 3538 raindrops with the same sampling errors as described in Fig. 3 and compared with the shape of distribution over the whole duration of Fig. 5a . The shapes of size distributions were generally exponential or normal in the stages where small and large raindrops predominated, respectively. From the shape of the size distribution in Fig. 5c in comparison with that in Fig. 5b , it is considered that lower frequencies over size ranges smaller than 0.5mm are caused by the effects of evaporation erosion due to downdraft or coalescence loss, and the interception loss of the inner periphery of the slit by the strong wind expected to accompany the convective-type rainfall.
On the other hand, it is reasonable to consider that obvious increasing frequencies in the manner of a normal distribution mode around 1.0mm in diameter are caused by the coalescence growth of raindrops in a tropical warmrain mechanism.
The characteristic properties of size distribution in these tropical areas could not be discussed quan- 
Applications for analyses of radar data
The size distribution of the precipitation may be used to provide more extended arguments and considerations for the analyses of radar observations.
The following discussion attempts to explain the results obtained in the present work by comparing with the radar data.
Two pairs of radar echoes are shown in the PPI and RHI in the earlier and later stages in Figs. 6 and 7. It may be seen from Figs. 6a to 7a that the direction of the displacement of the whole echo system is deduced to turn toward the azimuth of 125 degrees. According to the echo motion, the horizontal distribution of echoes expands somewhat in the manner of the transversal mode of cloud alignment. The observation site is located on the origin of the coordinate axes (0km, 0km), or the center of the PPI schematics. The rainfalls are seen to be brought by somewhat diffusive trace echoes extending from one of the rear side portions of the transversal echo system in a northwesterly motion in both schematics of Fig. 6 . From the RHI schematic along the echo motion in Fig. 6b at the observation site, it is seen that a vertically-limited domain of the strongest echo intensity exists aloft at a height On the other hand, the next transversal echo alignment in Fig. 6a is seen to develop and arrive over the observation site with the southwest end of the echo alignment in Fig. 7a . From the RHI schematic along the core axis of the transversal alignment forward on an azimuth of 30 degrees in Fig. 7b , it is observed that the strongest echo domain stands vertically and reaches the earth's surface a few km northeast of the observation site. It may also be considered that one part of these strong echoes brings the heavy rainfall in the later stage of Fig. 4 . Regarding the discrepancies of the position of the strong echoes and the heavy rainfall observed at the site, it might be supposed from the strong echo on the site shown in Fig. 7a that if we had performed the radar observation in the scanning mode of RHV (RHI) along the direction of the echo motion we could expect that a quite strong echo would be obtained right at the site. In the vertical structures of the echoes in RHI in Fig. 6b , it is apparent that the vertical domain of the strongest intensity of echo existed and did not descend to the surface in the earlier stage of the rainfall with the small raindrops shown in Fig.  5b . On the other hand, it is easily seen that the vertical domain of the strongest intensity of echoes extended onto the earth's surface in the later stage of the rainfall with the large raindrops shown in Fig.  5c .
From the sounding curve on the observation site at the most immediate time, the freezing level (0C) was at a height of 4.0km. Therefore, the increases in echo intensity with decreasing height from 4.0km in Figs. 6b and 7b are thought to correspond to the "bright band" effect. Although, according to a private communication (T. Takahashi of Kyushu University), these effects were expected to continue up to the 10C level, corresponding to 2.5km in the present case. The vertical distribution of the domains of the strongest intensity of echo are seen to extend over the lower levels, develop with decreasing level, and then arrive at the earth's surface in the later stage of the rainfall at the position of -8 km on the horizontal axis in the RHI of Fig. 7b . Fujiyoshi et al. (1994) had supposed that such enhancements of echo intensity were caused by coalescence growth taking place, namely, the "warm-rain mechanism". The results of the present work show simultaneous measurements of an increase in frequencies around 1.0mm in diameter on the size distribution of raindrops in Fig. 5c and an enhancement of the echo intensity of 20 dBZ or more relative to the surroundings, even below a height of 2 km at the position of -8km on the horizontal axis in the RHI of Fig. 7b . Therefore these simultaneous records are thought to provide important evidence for their hypotheses.
Concluding remarks
The size distribution of raindrops in tropical precipitation were measured by a two-video camera method specially designed for high reliability with smaller ranges down to 0.3mm in diameter combined with dual Doppler radar observation during the TOGA/COARE-IOP in Manus, Papua New Guinea.
Although the smallest drop size detected is 0.2mm or smaller, the reliable value of the minimum size of the raindrops detected was 0.3mm in diameter because of a greater than 10% deviation in the calibration when compared to the empirical curve of Gunn and Kinzer (1949) . The observed fall velocity was assumed to be affected by air motion due to wind in the apparatus.
Two different types of examples of the size distribution of raindrops were obtained by a tentative utilization of the apparatus. These are single exponential and bimodal distributions, corresponding to a uniformly-stratified-type echo, and a convectivetype echo of cloud systems observed by the radar.
Fortunately, the bimodal distribution was able to be simply divided by a time-partition method with a single transition time. Single exponential and normal distribution functions were fitted in the earlier and later stages, respectively. It may be noted that the former and latter distributions respectively correspond to a stratiform rainfall and shower-type rainfall from convective clouds. It may be considered from the analyzed radar data that the latter is caused by the coalescence mechanism.
However, the number of cases and the volume of data obtained was not very large. Furthermore, it is expected that their utilization will be extensively applied in quantitative analyses of dual Doppler radar data.
